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Abstract 
 
Thermostatic expansion valves (TEV) and electronic expansion valves (EEV) 
are expansion devices commonly used in air-conditioning system which involves the 
spray and atomization process of the refrigerant. Most previous studies focused on the 
macro-features of the expansion valve, such as the refrigerant pressure drop through the 
valve, the response time of the valve to the change of superheat in the evaporator, or the 
relationship between the location of the valve and the system efficiency, etc. However, 
few studies have looked into the valve and fundamentally studied the physical process of 
the refrigerant taking place near the orifice, where the refrigerant goes through the major 
pressure drop. The atomization and spray process are crucial to the performance of the 
expansion valve since the downstream refrigerant are mainly determined by these 
processes in terms of mass flow rate, quality and homogeneity. Non-homogenous flow 
can cause poor refrigerant distribution among the circuit inside the evaporator, and 
essentially decrease the efficiency of the entire air-conditioning system.  
The other issue involved with the TEV and EEV is the mass flow control, 
which is namely called as “valve hunting”. One of the greatest advantages such 
expansion valves can provide compared with traditional expansion valves is their 
capability to control the refrigerant mass flow rate according to the superheat degree of 
the evaporator, so that the system can always run in the most efficient mode and achieve 
the desired cooling capacity at the same time. Yet TEV or EEV can either starve or over 
feed the evaporator, due to the response time to the change of superheat degree, and 
inaccurate control of the valve opening and closing. Either starving or over feeding the 
evaporator can hurt the system performance: the former can decrease the cooling capacity 
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while the later can result in liquid refrigerant going into the compressor, and cause 
damage to the compressor, in the worst scenario. Although the “valve hunting” has been 
addressed for a long time, few papers have tried to explain and solve this problem 
regarding to the refrigerant spray and atomization process.  
In this study, such techniques were applied to the study of the TEV and EEV. 
The expansion process was studied by introducing a valve with optical access. The break-
up and atomization of the refrigerant were visualized near the outlet of the orifice under 
different feeding conditions on micro-second scale applying backlit illumination 
technology. A new image processing method is proposed for cone angle and film 
thickness determination. A Phase Doppler Anemometry (PDA) system was used later to 
measure the size and velocity of individual droplets passing the location at the outlet of 
the orifice. It is found that the increase of the feeding pressure tends to expand the spray 
cone angle while its impact on the film thickness is not quite obvious. The expansion of 
the cone angle resulted in more drops splashed from the edge of the needle base and the 
presence of the drops becomes more random. To further evaluate the impact of the 
feeding pressure, the drops size distribution under different pressure difference along the 
radial directions is measured. The drops size dependency on radial distance and pressure 
difference are acquired based on curve fit of the results.
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Chapter 1 
Introduction and Literature Review 
 
Thermostatic expansion valve (TEV) and electronic expansion valve (EEV) are 
commonly used in air condition systems as refrigerant flow regulating devices. Both 
valves introduce certain feedback control mechanism to maintain the evaporator 
superheat at a constant value.  
1.1       Basics of TEV and EEV 
The thermostatic expansion valve uses a relatively simple control mechanism 
which based on the bulb pressure P1, evaporator pressure P2, and spring pressure P3 
shown in Fig 1.1. In brief, the balanced forces of P1, P2 and P3 executed on a needle 
control the opening and closing of the valve. The bulb pressure P1 is determined by the 
measured temperature at the outlet of the evaporator. If the refrigerant is completed 
evaporated prior to the outlet of the evaporator, the refrigerant itself will continue to 
absorb heat and increase in temperature. The extra heat and the increased temperature are 
referred as superheat and superheat degree respectively. The bulb will sense this increase 
in temperature exiting the evaporator and consequently increase the pressure P1. P1 now 
being greater than P2+P3 will push the needle down and allow more refrigerant to enter 
the evaporator. Now that more refrigerant goes into the evaporator, the evaporator is 
capable of absorbing more heat and there is insufficient heat to boil off all refrigerant 
prior to the outlet of the evaporator, the bulb senses this decrease in superheat and reduce 
P1, P1 now being smaller than P2+P3 will cause the needle pushed up and allowed less 
refrigerant flux. This process keeps recycling until the new balance is reached, and the 
superheat degree in the evaporator is maintained at a constant value.  
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One of the obvious limitations posed on the thermostatic expansion valve is that 
the superheat degree is calibrated by the manufacture and not adjustable. It has been 
found that the system can achieve maximum efficiency when the superheat degree in the 
evaporator is at its minimum possible value [1]. With the setup of TEV, however, the 
system is more than likely to be operating at superheat values much above the minimum 
possible value and thus the system potential to achieve its optimal efficiency is limited. 
Another big problem in the application of TEV is periodically starving and over feeding 
the evaporator, which is also known as “valve hunting”. It is easy to learn from the 
working principle of the TEV that the mass regulating process is in an oscillary manner 
rather than just one shot, therefore, the control of the mass flow rate mainly relies on how 
fast the TEV response to the superheat change and how precise it is able to adjust the 
valve opening. Most TEVs, however, fail to meet the requirement due to the limitation of 
the mechanic components such as spring and bulb sensor. The system performance can 
be greatly deteriorated once the valve hunting takes place. Too few refrigerant in the 
evaporator can extremely reduce the cooling capacity of the system while too much can 
lead to evaporator flooding, causing liquid phase refrigerant going into the compressor. 
Either scenario could be a nightmare to the compressor, as well as the whole system. 
Other issues involved with TEV include the slow response and poor adaptation in the 
control of the refrigeration by means of variable speed compressor [2]. 
 2
                      
Figure 1.1 Schematic of TEV 
To overcome these disadvantages, the electronic expansion valves (EEV) have 
been developed in the past two decades which has opened up control possibilities far 
more sophisticated than conventional closed-loop superheat control. Unlike TEV which 
use bulb sensor for superheat monitoring, EEV is able to sense the actual superheat value 
in the evaporator by means of a pressure transducer and a very sensitive temperature 
sensor. The information collected was sent to a controller in near real time which will 
decide the optical superheat degree value. The controller constantly verify this value to 
see if it is feasible under the currently prevailing load conditions based on both real time 
and past histories of the two parameters, (e.g. If the evaporating pressure fluctuates 
strongly and the superheat value changes quickly, the superheat set-point value should be 
increased, and vice versa). 
Constant verification of the optimal superheat level is a decisive advantage of the 
electronic expansion valves compared to purely thermostatic valves. Meanwhile, since 
the sensors are electronically based, they can be mounted anywhere in the system, quick 
response of the EEV has also expand the control strategy to a variety of transients such as 
those associated with clutch-cycled compressors in automobile a/c systems; pulse-width 
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modulated compressors; sudden startups of parallel evaporators; defrost strategies; 
switching between heating and cooling modes; etc [3]. 
Aprea et al. [4], cited by [5], have reported that EEV can achieve a better control 
for superheat under steady-state conditions in comparison with TEV. The high precision 
of EEV is due to the application of the stepping motor, since the valve opening and the 
opening is determined by the pulse number of the stepping motor. Further improvement 
upon the opening precision can be achieved by increasing the pulse number of full 
opening. Such features of EEV made it superior to the traditional TEV regarding the 
control precision. 
1.2  Mass flow rate modeling 
 Although applying different control mechanism, EEV and TEV share similar 
geometries inside the valve, where an orifice and a poppet are usually coupled to form a 
throat area. One of the most important parameter regarding control is the mass flow rate 
passing through the valve. The incompressible single-phase fluid equation derived from 
Bernoulli equation was usually adopted to depict the mass flow rate in many open 
literatures [6-14], which is expressed as  
2 ( )d th l in outm C A P Pρ= −                                                     (1.1) 
where  is the mass flow rate, Am th is the geometric throat area, ρl is the inlet density of 
working fluid, Pin and Pout are the inlet and outlet pressures respectively. Cd is the mass 
flow coefficient which is a constant for incompressible single-phase fluids.  
Semi-empirical or purely empirical models based on Eq.1 for calculating the mass 
flow rate were first developed for short tube orifices [6-9]. Choi et al. [10] firstly 
proposed a model using Buckingham π theorem, in which all the parameters that will 
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have an influence on the mass flow rate of refrigerants through the EEV were selected to 
generate dimensionless parameters. Then, either the mass flow rate or the mass flow 
coefficient Cd is simply expressed as a function of all π values. This method was later 
introduced to model changeable area expansion devices such as EEV. In 1935, Wile [11] 
first suggested an equation for Cd of TEVs which correlates the inlet density and the 
outlet specific volume of the refrigerant. Ma et al. [12], Zhang et al. [13] and Park et 
al.[14] proposed more accurate equations in recent years for Cd, as listed in Table.1.  In 
Park’s study, De is introduced as the equivalent orifice diameter to represent the variation 
of flow area in EEV, which has the following expression: 
( )starte
full start
EEVopening EEVopeningD D d
EEVopening EEVopening
−= − = −                                 (1.2) 
where D and d are the orifice and needle diameter respectively. Other definitions of the 
parameters in Table 1 can be found in nomenclature. The Buckingham π theorem brought 
great convenience for flow modeling since the coefficients for correlation are all 
regressed from the experiment data related to both inlet and outlet of EEV. The drawback 
of this method is that the EEV was investigated simply as a black box and the parameters 
chosen for π groups are highly “empirical”, which means they can be either redundant or 
insufficient as long as the physical process inside this black box is not fully understood.  
Other researchers have considered the choking of the valve [15-17]. According to 
the theory of fluid dynamics, the fluid is choked at the throat of a convergent-divergent 
nozzle (also known as supersonic nozzle) if the pressure difference between the upstream 
and downstream of the nozzle is high enough. If choking occurs inside the valve, the 
mass flow rate will not increase with a further decrease of the downstream pressure while 
the upstream pressure is maintained constant. Although TEV/EEV are not exactly the 
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same as a supersonic nozzle in geometry, there exists a throat area which can be 
controlled by lifting and lowering the valve needle. Owning to the extremely low sound 
speed (1-10) of low quality two-phase mixture, choking easily occurs for refrigerant 
expansion in EEVs.  
Bunch et al. [15] investigated the two-phase nozzle efficiency and suggested a 
meta-stability coefficient to depict the meta-stable degree of the two-phase fluid in nozzle. 
The meta-stability coefficient is defined as the following: 
HEM
m
FFM HEM
m mC
m m
−= −                                                           (1.3) 
where mHEM and mFFM are the mass flow rate calculated by homogeneous equilibrium 
model (HEM) and frozen flow model (FFM). Liu et al [17] had developed a new model 
recently for meta-stability coefficient based on the choking assumption. They reported 
that the mass flow rate is only related to inlet parameters and geometry of the EEV if 
choking occurs, thus has the following form: 
2
1 2 3m o scC a a T a A a A= + Δ + −                                               (1.4) 
Again, the coefficients can be regressed from the experiment data. The metastable flow is 
a phenomena involved with flash boiling, which will be discussed in detail in Sec1.4. 
At this point, it is necessary to point out that General Bernoulli equation cannot 
clearly depict the throttling mechanism of TEV/EEV regarding two-phase mass flow 
characteristics. Physical aspects of the atomization, such as spray breakup, flashing 
boiling, and impingement of the refrigerant are simply neglected. Although such physical 
processes haven’t been intensively studied inside an expansion valve in air conditioning 
or refrigeration systems, numerous papers on modeling and experimental investigation of 
the two-phase jet flow can be found in other fields, for instance, the injection system in 
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and internal combustion engine. Therefore, the researches on spray breakup, flash boiling 
and impingement to date will be individually reviewed in the next section. Meanwhile, 
the readers should keep in mind that these physical phenomena are so complicated that a 
thorough review of each aspect could cover a length of a book, besides, some details are 
still elusive and current understanding of these processes are far from conclusive.  Hence, 
the paper reviewed is simply based on its relevance to the current study.  
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Table 1.1. Models based on π theorem 
π Group Ma et al. Model Zhang et al. Model Park et al. Model 
π1 
2
A
D
 
2
in f e
f
P Dρ
μ  
in out
c
P P
P
−  
π2 in out
c
P P
P
−  2out f e
f
P Dρ
μ  
sc
c
T
T
Δ  
π3 c
sc
T
TΔ  
2
f e
f
P Dρ
μ
Δ
 
L
D
 
π4 in outvρ ⋅  2sat f e
f
P Dρ
μ  
g
f
υ
υ  
π5 x  sc
c
T
T
Δ  
inDP
σ  
π6 dC  x  eD
D
 
π7  
2
f
f eDσρ
μ  
 
π8  2c f e
f
P Dρ
μ  
 
π9  
e f
m
D μ

  
Ma et al. Model 0.0281 0.0260 0.0477 0.1420 0.12916 1 2 3 4 50.2343π π π π π π− − −=  
Zhang et al. 
Model 
0.8671 0.1312 1.1248 0.5279 0.1090 0.1820 1.3867 0.7304
9 1 2 3 4 5 6 7 819.8529π π π π π π π π π− − − −= −
 
Park et al. Model 0.0554 0.0102 0.0190 0.2046 0.0017 0.66121 2 3 4 5 60.08076dC π π π π π π− −=  
 
1.3  Droplet Break up 
The atomization of high pressure sprays can be divided into two main stages 
represented by the processes known as primary and secondary break-up. The primary 
break-up commonly involves formation of liquid ligaments under the action of 
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aerodynamic pressure near the surface of the liquid jet, the flattened or disk shaped 
ligaments then undergo capillary pinching to form individual droplets. These droplets 
undergo further break-up (also known as secondary break-up), and evaporation to form a 
two phase mixture.  
The primary break-up is an important phenomenon because it initiates 
atomization, controls the extent of the liquid core, and defines the initial conditions for 
the dispersed multiphase flow region of the spray as well as the rate at which liquid 
droplets are produced at the liquid-gas interface. The irregular liquid elements resulting 
from the primary breakup are highly unstable and will be subjected to secondary break up. 
In almost all the cases, the secondary break up is unavoidable, thus the secondary 
breakup is the breakup mechanism under consideration in most of the previous studies.  
The basic droplet break up regime is determined by the Weber number which is 
generally defined as the ratio of the inertial force to surface tension. Here, 
2
g dropv DWe
ρ
σ=                                                                (1.5) 
where ρg is the gas density, v is the relative velocity between droplet and gas, dropD  is the 
droplet diameter, and σ is the liquid surface tension.  Physically, Weber number connects 
the gas-induced drag force causing deformation, to the liquid surface tension that tends to 
resist deformation. If a droplet is exposed to a gas flow, significant deformation starts at a 
Weber number of unity. Based on the value of the Weber number, Reitz et al.[18], cited 
by [19] had established three major break up regime (See Fig 1.2), namely bag breakup, 
shear breakup and catastrophic breakup, which display different physical features.  
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In the bag breakup regime, the liquid bulk or large droplet deforms into a thin disk 
normal to the flow direction, followed by a sever deformation of the center of the disk 
blown into a thin, balloon-like structure, which will finally lead to breakup. 
 
Figure 1.2. Droplet spray generation: a) spray device as well as primary and secondary 
breakups; b) droplet breakup mechanism. (Based on Shi et al. [19]) 
 
In the shear breakup regime, also known as the boundary layer stripping breakup, 
the periphery of the flattened disk instead of the central disk is bended under the 
aerodynamic force, followed by production of folds on the sheet results in production of 
ligaments aligned in the direction of the air flow. According to Reitz et al [20], most 
droplet breakups occur in this regime.  
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In Catastrophic breakup, similar mechanism is involved as shear breakup, 
however, the growth of capillary waves on the flattened drop surfaces, combined with the 
bending and folding of the sheet edge makes the breakup process much more “explosive”.  
Early studies on droplets and spray formation from liquid jets into ambient gases 
can be traced back to the late nineteenth century. Rayleigh [21] showed that the liquid jet 
breakup in still gases is a consequence of the hydrodynamic instability. Researches on the 
breakup of liquid jets continued with much of the theoretical work based on linear 
instability analysis [22-24]. The most popular spray breakup model developed recently 
for pressure atomizers is called “blob model”, proposed by Reitz el al [20]. It is assumed 
that spherical droplets with uniform size (the droplet diameter is equal to the nozzle 
diameter) are ejected from pressure jet-type atomizers and subjected to the 
aerodynamically induced breakup. They also suggested a new wave-model where new 
droplets are formed based on the growth rate of the fastest Kelvin-Helmholtz (KH) wave 
instability on the surface of the blob. Successful applications of the Reitz wave model 
include Shang et al. [25], Iyer and Abrahma [26], and Madabhushi [27]. 
O’Rourke and Amsden[28] suggested another droplet breakup model based on 
Taylor Analogy Breakup (TAB). The TAB model predicts the droplet breakup based on 
the droplet deformation in terms of the radial cross-sectional change. In order to improve 
the TAB model, Tanner [29] used an enhance TAB model, where the initial droplet 
deformation parameter are corrected. Recently, Kelvin Helmholtz –Rayleigh Taylor (KH-
RT) hybrid models were proposed as a combination of both theories and in an effort to 
include the primary breakup effect [30-32]. The Kelvin-Helmholtz instability model was 
used to predict the primary breakup of the intact liquid core of a diesel jet. The secondary 
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breakup of the individual drops was modeled with the Kelvin Helmholtz model combined 
with the Rayleigh-Taylor instability model. The TAB model was used to determine the 
droplet deformation parameters used in the RT model.  
Meanwhile, with the booming development of the laser diagnostic technology in 
the past decades, the spray breakup process has also been experimentally studied by a 
number of researchers to verify the numerical model. One of the most common 
experimental investigative techniques applied is backlit illumination, which involves 
observation with short time-interval image acquisition of the liquid spray. The 
instantaneous images are then used to provide information on such quantities as spray 
break-up length, spray angle and droplet size distribution.  
One of the deficiency of this technique is that the temporal information such as 
the wave amplitude and frequency of the interface oscillation is lost if the “short time-
interval” is not short enough, since only the instantaneous image is captured [33]. This 
problem has been overcome with the birth of high-speed camera and new experiment 
methods developed by some researchers. In the liquid sheet breakup study by Park et al. 
[34], an image processing technique was used to quantify the spatial growth rate of the 
interface instability prior to the breakup. Lozano et al. [35] used binarized image to 
determine the liquid-gas interface and a sequence of time-averaging high-speed images to 
determine the spatial growth rate of the liquid-gas interface instability. Later, the same 
research group has characterized the frequency of the interface oscillation using a 
photodiode and coherent light source arrangement to monitor the liquid sheet. The 
frequency of the oscillation and hence the dominant frequency can then be found by 
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spectral analysis then be found by spectral analysis of the time variation of the 
photodiode signal [36].   
A dozen of laser based measurement method has been developed in the past 
decades for characterization of the spray break up process and other phenomenon. The 
non-intrusive nature of the laser based technology has made it a powerful tool for the 
fluid mechanics study. The details of the laser diagnostic technique will be reviewed in 
Sec.1.6 
1.4  Flash boiling 
When a pressurized liquid is driven out through an orifice, it undergoes a rapid 
expansion process with abrupt pressure drop. In certain situations, the pressure of the 
liquid may suddenly be reduced far below the saturation condition without immediate 
occurrence of boiling. As result, the liquid becomes superheated or metastable as shown 
in Fig 1.3. 
The superheat is characterized by the difference between the actual liquid 
temperature and the temperature of the saturated liquid at that pressure. Usually the faster 
the expansion process, the higher the liquid superheat that can be reached, and the more 
violent the vaporization. The thermodynamic limit of the meta-stable liquid region can be 
evaluated by the spinodal curve, (See Fig 1.3.), which determines the thermodynamic 
extent to which the fluid can be brought without vaporization.[37]. This curve is also 
known as the boundary between the metastable composition and truly unstable 
composition. 
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 Figure 1.3. Schematics of pressure–volume isotherms for a pure fluid (Based on Eran et 
al.[37]) 
The transition from a meta-stable to a stable phase occurs due to local fluctuations 
that result in nuclei generation in the stable phase. If these nuclei are smaller than a 
critical value, the unfavorable effect of the phase interface will cause their disappearance. 
The minimal size of a stable nucleus which will grow further is defined by the degree of 
meta-stability. [37] Once a stable nucleus is formed in the vicinity of the inlet orifice, it 
grows appreciably inside the expansion chamber to the desired bubble size before finally 
breakup. Numerous papers can be found on modeling of nuclei formation and bubble 
growth in the open literature, so the author refer these topics to some well developed 
documents [38-41].  
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Just after the fluids come out of the orifice, the spray process takes place. As 
compared to spray formation by mechanical means, spray formation by flash boiling is 
characterized by smaller mean diameter, higher homogeneity, wider cone angle and 
shorter penetration depth for the same operating pressure. These characteristics are 
preferable in many applications, for instance, smaller and more homogeneous sprays are 
crucial to a compression ignition engine, since air and fuel are not premixed and the 
injection itself controls the combustion, shorter penetration depth is also important in fuel 
injection systems, where droplet wall impingement should be avoided. Due to these 
features, the flash boiling has received increasing attention in the past decades. 
Evaporation waves have been observed by a number of researchers [42,43].  Reitz et 
al.[44] used short-duration backlit photographs and laser diffraction method to measure 
the drop size of heated water injected from a single-hole orifice and showed that the 
flashing jets comprises an inner intact core surrounded by the diverging fine spray. Dilek 
et al. [45] explored the feasibility of PDA and PIV method for characterization of an 
R134a flashing jet. Vieira and Simoes-Moreira [46] showed many Schlieren images of 
the metastable liquid core surrounded by shock wave structure in the flashing process of 
iso-octane at different degrees of metastability in short nozzles and verified the presence 
of the metastable liquid at the orifice exit. 
Although flash boiling provides many good features in certain engineering 
application as aforementioned, the flow itself becomes more complicated with the 
existence of the flash boiling. The study of flashing boiling phenomena in air 
conditioning system has showed conclusively that the liquid can deviate significantly 
from thermodynamic equilibrium immediately prior to flashing. Brittle et al.[47] 
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conducted accurate measurements in capillary tubes showed the existence of flashing 
delays. Liu and Bullard [48] observed hysteresis in the metastable behavior of the mass 
flow rate in an adiabatic capillary tube. In a similar experiment in a refrigerator, Liu and 
Bullard [48] recorded a repeatable 3% effect on system COP induced by the mass flow 
rate hysteresis, which means that such hysteresis could introduce control instabilities in a 
refrigeration system. Based on these results, Simões-Moreira et al. [3] pointed out that 
any physical model of a short tube orifice or valve must address directly the phenomenon 
of metastable liquid flow since the flash boiling can profoundly affect whether the exit of 
the expansion device is choked at a low sonic velocity, or whether a much higher mass 
flow rate is enabled by a subsonic liquid exit. 
In refrigeration systems, the inlet refrigerant of expansion devices is commonly 
subcooled liquid, and the flashing mechanisms of refrigerant through expansion devices 
are various with respect to different operating conditions. Simões-Moreira et al. [3] 
summarized three flashing mechanisms caused by different degrees of metastability. (See 
Fig 1.4.) Regime 1 is more likely to occur at a low degree of metastability. In this regime, 
the nucleation is triggered either at the wall or at some nucleation site in the bulk of the 
liquid and induces vapor bubble growth continually until the bubble matures and, finally, 
bursts. In regime 2, the nucleation starts within the nozzle as before, either at the wall or 
at any other nucleation site in the bulk of the liquid, but the bubble growth rate is rather 
fast and the flow issues from the nozzle as a two-phase mixture, which then expands into 
the low-pressure reservoir. In regime 3, evaporation occurring at the surface of a 
metastable liquid jet—may also occur inside short orifice tubes. According to Simões-
Moreira et al. [3], regime 3 is more likely to occur in metastable liquid evaporation at a 
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high degree of metastability and in short nozzles. Regime 2 is more likely to occur in 
long tubes (L/D>5), where friction plays a larger role.  
       
Figure 1.4. Flow regimes in flashing jet ( Based on Simões-Moreira et al. [3]) 
The flashing process when choking occurs in EEV based on regime 3 is 
summarized by Chen et al. [5]: a rapid depressurization makes the liquid refrigerant 
become superheated at the throat of EEV when subcooled refrigerant from high-pressure 
condenser flows through EEV into low-pressure evaporator, and then the superheated 
refrigerant explosively flashes in a discontinuous process with an evaporation wave 
appearing, the evaporation wave discontinuity is dynamic and oblique to the main 
superheated refrigerant velocity. The superheated refrigerant is evaporated resulting in a 
high-speed two-phase mixture flow, and then the two-phase flow reaches sonic speed and 
continues expanding up to supersonic speed, eventually the expansion process is 
terminated through a shock wave with an abrupt pressure rise. 
To evaluate metastability, Simões-Moreira et al. [3] proposed a dimensionless 
degree-of metastablity parameter defined and expressed as: 
sat th
meta
sat
P PC
P
−=                                                           (1.6) 
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where Psat is the saturation pressure corresponding to inlet temperature, Pth is pressure at 
the throat of valve, also known as metastable pressure. Cmeta= 0 means the liquid remains 
in the saturation boundary while Cmeta = 1 implies that the metastable liquid approaches 
vacuum, an impossibility. The whole range of all possible metastable liquid states and its 
effect on the evaporation wave problem can be examined systematically by varying the 
metastability parameter between these two limits. Chen et al.[5] later developed an 
empirical correlation for the Pth regressed upon their experiment data, and established a 
new model for the mass flow rate on the precondition that the flashing inception occurs 
immediately at the throat of EEVs under flow choking conditions. 
2 ( )d th l in thm C A P Pρ= −                                                       (1.7) 
Liu et al. [5] also developed a new model to investigate the mass flow characteristics on 
the basis of choking assumption, in which the metastability is defined by Homogeneous 
Equilibrium Fluid Model and a Frozen Flow Model as introduced in Sec1.1. 
In summary, the flow inside an expansion device with flash boiling is very 
complicated. General Bernoulli Equation is not sufficient to depict the phenomena unless 
the metastability is taken into consideration. Various models on metastability have been 
established, however, current understanding is still insufficient to achieve a 
comprehensive understanding of flash boiling.  
1.5  Impingement 
Spray impingement, also known as spray impact, on solid surfaces is a 
phenomenon encountered in a wide variety of fields, e.g. injection system in IC engines, 
gas turbines, agricultural sprays, spray cooling, spray painting and spray coating. The 
spray impingement process involves three physical phases (liquid droplet, wall and two-
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phase flow in the near-wall region) and two main physical processes (generation of the 
secondary droplets and wall film evolution). A complete understanding of spray-wall 
interaction is therefore complex and requires a combined experimental and numerical 
approach to obtain a detailed knowledge of all the processes involved.  
The spray impingement is of high industrial significance in some engineering 
application and for this reason has attracted the attention of many researchers. For 
instance, the spray-wall interaction is considered an important phenomenon in an internal 
combustion engine and has been intensively studied in the past two decades [49-51]. The 
majority of the fuels used in IC engines must be vaporized and mixed with the air for 
combustion and producing the power. In either spark ignited engines, where fuel and air 
premixed in the carburetor before injection, or compression ignited engine, where 
injectors featured with high pressure is used for injection, the fuel spray may impinge on 
engine surfaces before complete vaporization. Spray impingement has been shown to 
influence engine performance and emission [50], and the influence is more important in 
modern small bore DI engines where decreased distance between the injector and the 
piston make impingement almost unavoidable [51].    
The impingement is usually difficult to analyze under real conditions and 
consequently, data are very poor, challenging and expensive to obtain and most of the 
experiments reported in literature are carried out in simplified laboratory configurations 
in which spray impact is restricted to normal impact of single droplets onto a solid dry or 
wetted wall or thin liquid film, where generally the impact conditions can be carefully 
controlled [52-57]. Various models have been developed based on the experiment data 
[54-56]. Tropea et al. [58-61] observed however, that the splash created by a drop in a 
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spray differs significantly from that of an isolated single drop impact. These differences 
can be easily seen in Fig 1.5, indicating that splash of a droplet in spray impact is much 
more irregular and non-symmetric in comparison to the symmetric propagation of a 
crown in the case of an isolated single droplet impact onto an undisturbed liquid layer. 
 
Figure 1.5. Morphological comparison between splashes created by a) an isolated single 
drop, b) a drop in a spray, time interval between frames is 62.5μs. (Based on Tropea et al. 
[60]) 
They argued, therefore, that the models based on single droplet are insufficient to 
predict the impingement process, since numerous effects regarding spray-wall interaction 
are neglected, such as the influence of the deposited film on the secondary spray, the 
tangential momentum of oblique impacting droplets that exist in the case of real spray 
impact conditions; effect of film fluctuations on the outcome of impacting droplets; effect 
of multiple droplet interactions and also the creation of the central jets and droplets due to 
break-up of the liquid film under impacting drops or to the interaction between uprising 
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jets or crowns with impacting drops or other splashing droplets [58]. To obtain a more 
realistic spray impingement model, Tropea et al. [58-60] proposed new models that the 
correlations are based on mean statistics over many events rather than on the outcome of 
single drop impingement.  
In general, spray impingement on walls is characterized by the generated 
secondary spray and the fluctuating liquid wall film. The secondary droplets usually 
come from a splash with disintegrating crowns or rebounding droplets.  
Based on the previous studies, droplets can rebound for relatively low impact 
energy of the primary droplets. A droplet rebounds from the wall if the surface energy of 
the droplet at the end of partial spreading is larger than the kinetic and surface energy of 
the impacting droplet minus the viscous energy dissipation during the spreading. 
Threshold criterions for “Rebound-deposition” based on Weber number have been 
proposed by some researchers. Bai and Gosman [53] reported that rebound occurs when 
We>5 for an isolated single drop impact, Lee and Hanratty [62] reported We>20 for 
spray impact. It should be pointed out that the Weber number here are based on the 
normal component of the velocity of the droplets, Drop rebound is also observed for 
oblique impacts by Sikalo et al.[63], and the threshold criterion is generally considered 
still valid provided that the normal velocity is considered for calculating the Weber 
number. Splashing occurs at higher values of the normal impact Weber number, We>80. 
Coghe et al. [64] reported that each splashing drop generates at least 10 tiny droplets 
based on their experiment observation. 
Accumulated film thickness is another main feature of the spray-wall interaction. 
The prediction of film thickness is important in cases such as spray cooling systems or 
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fuel injection sprays because these parameters significantly affect the efficiency of heat 
transfer in the sprayed surfaces. Also the average film thickness can affect the properties 
of secondary spray, splashing threshold, ejected mass and number of secondary droplets. 
In some applications, it is desirable to eliminate the deposited film on the wall as far as 
possible, e.g. in internal combustion engines, whereas other cases the maximum 
deposition is required, e.g. in spray coating, spray painting or agricultural sprayers.  
Film thickness also plays an important role for droplet splashing. A dimensionless 
film thickness is firstly introduced as the ratio between the average film thickness 
accumulated on the wall to the average primary droplet size (h*=h/Ddrop). Four different 
liquid film regimes are classified based on a threshold Weber number required for the 
splashing [58]. The value of Weber number required for the onset of splashing is constant 
for the case h*≤0.1 (wetted wall) as proposed by Schmehl et al [65]. The threshold 
Weber number then increases monotonically with an increase of the dimensionless film 
thickness up to h* = 1 (thin liquid film) and then decreases until h* =2 (shallow liquid 
film) and finally takes an asymptotic value corresponding to a deep liquid layer (deep 
pool condition). The boundary value h* =2 is already considered by Macklin and 
Metaxas [66] for shallow-deep liquid film boundary condition. This classification has 
been postulated based on the measurement data obtained by Wang et al [67], for 70% 
glycerol-water solution. For the deep film condition (h*>2), the inertia dominated 
impacting droplet creates a crater in the liquid film leading to bubble entrainment inside 
the film and formation of an uprising central jet. The phenomenon is well known and 
described in the case of a single droplet impact onto a stationary deep liquid layer by 
Oguz and Prosperetti [68] and Fedorchenko and Wang [69]. 
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Table 1.2. Classification of film thickness formed on the wall due to spray impact 
(Oh=0.038) 
Dimentionless film thickness  Wall film condition Correlation We 
h*≤0.1 Wetted wall ~ 480—500 
0.1<h*≤1 Thin liquid film 1366 h*+354 
1<h*≤2 Shallow liquid film ~ 1657 h*-0.54 
h*>2 Deep liquid film ~ 1100 
 
In summary, spray impingement on walls is characterized by the generated 
secondary spray and the fluctuating liquid wall film. Droplet We number and 
dimensionless film thickness are important in determining the splash regime. Applying 
models based on single droplet impingement to spray impingement can essentially lose 
important information; the “mean statistics” concept proposed by Tropea et al [58] will 
be introduced in this study. 
1.6  Laser Diagnostics 
Laser-based measurements, such as PDA, LDA, LIF etc, have been received 
increasing popularity in recent years for spray and atomization study due to their non-
intrusive method. In this study, PDA has been intensively used for characterization of the 
refrigerant spray. Hence, the review is mainly focused on PDA while other methods will 
be briefly introduced. 
Phase Doppler Anemometer (PDA) is a method for measuring the velocities and 
size of particles passing the measurement spot which has been developed since 1980s and 
becomes a common tool in the research of two phase flows. The PDA measurement is 
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performed on single particles, the distribution of statistical size and velocity moments in a 
flow field can be measured for detailed analysis of particulate flows. Meanwhile, 
movement of the measurement point in the flow allows mapping of entire flow fields. 
High spatial and temporal resolution, non-intrusive nature of the technique has made it 
invaluable.  
The underlying principle of PDA measurement is based on light-scattering 
interferometry and therefore requires no calibration. Theoretical analysis of the response 
curves of the phase Doppler instrument has shown that the amplitude of light scattered by 
transparent spherical particles can be considered the result of interference of reflection, 
refraction and diffraction by the particle [70]. A linear response curve between the 
measured phase and particle diameter is obtained provided that the intensity of one of 
these types of scattering dominates over the other. Commonly used scattering angle 
ranges are listed in Table1.3. 
Table1.3. Commonly used scattering angle ranges.  
Scattering Mode Scattering angel range 
Refraction 300-700
Reflection 800-1100
2nd order refracton 1350-1500
 
A schematic of the PDA configuration is shown in Fig 1.6. The measurement 
point is defined by the intersection of two focused laser beams and the measurements are 
performed on single particles as they move through the sample volume. Particles thereby 
scatter light from both laser beams, generating an optical interference pattern. A receiving 
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optics placed at a well chosen off axis location projects a portion of the scattered light 
onto multiple detectors. Each detector converts the optical signal into a Doppler burst 
with a frequency linearly proportional to the particle velocity. The phase shift between 
the Doppler signals from different detectors is a direct measure of the particle diameter.  
Another requirement to realize PDA measurement is that the finite aperture of the 
receiving lens of the collection optics is sufficiently large to remove high frequency 
oscillations which would otherwise occur. The validation criteria and procedure of the 
PDA technique has been discussed by a number of researchers and a dozen of factors 
need to be taken into account to achieve accurate measurement [70-77]. In this study, a 
well commercialized Dantec PDA system is applied and certain standard procedure has 
been given by the manufacture, therefore, the author will focus more on the results of the 
PDA technique and refer the theory part to some well developed documents.  
 
Figure 1.6. Configuration of the PDA system. (Courtesy of Dantec Dynamics) 
 
PDA measurement has been applied to various specific engineering problems 
since its first introduction by Bachalo and Houser [71]. To name a few, Ismailov et al.[78] 
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investigated capillary n-heptane pipe flow using laser Doppler anemometer. They 
obtained instantaneous time series of centerline velocity and reconstructed series of 
instantaneous and integrated flow rates and pressure gradient. Doppler anemometer 
measurement technique are also introduced in their experiment to analyze instantaneous 
patterns of droplets velocity-size and number density into fuel spray and their results 
showed potential of PDA technique in featuring the spray characteristics [78]. J.Ma et al. 
[79] applied PDA to the measurements of metal particle size and velocity in the plasma 
spray process. They discussed the acceptable validation rate for accurate volume flux 
prediction in the plasma spray process. Hakim et al. [80] studied spray freezing using the 
PDA technique. They developed a simple model to gain an order of magnitude estimate 
for the freezing time and distance traveled for droplets using diameter and vertical 
velocity data derived from the PDA experiments, showing the potential of PDA 
technique to be used in spray freezing systems.  
It is indisputable that PDA technique is a powerful tool in featuring the spray 
characteristics, yet the technique has its own limitations. For instance, the PDA result 
accuracy is dependent on a number of parameters including laser power, optical 
configuration, droplet homogeneity, droplet sphericity, Gaussian distribution of the laser 
beams etc. The most unfortunate limitation can be its inability to accurately measure non-
spherical droplets. The rejection of the non-spherical particles brings the volume flux 
values reported by the PDA measurement into question. In the study of liquid sprays, the 
sphericity restriction therefore requires that the measurement volume is located 
sufficiently far downstream from the primary sheet or jet break-up regions where 
ligaments and initially non-spherical droplets are formed. This problem can be overcome 
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to a certain extent by the combination of Laser Doppler Anemometry (LDA) technique. 
The advantage of LDA measurements is that it provides an estimate of the local liquid 
velocity, irrespective of the size and shape of the liquid element, which is a good 
complementary with the PDA technique. The combination of the two techniques, 
addressed by Wigley [81], allows quantifying the breakup and atomization process 
directly. Wigley et al.[81] combined LDA, PDA and imaging analysis of the pressure 
swirl spray in the near nozzle region of a GDI injector and they proved the combination 
of three techniques allows to quantify the spatial and temporal development of the 
injected liquid sheet and its breakup, the velocity of the sheet disintegration products and 
the velocity and size of the droplet field at the same time. Ismailov et al. [82] also 
employed LDA/PDA technique for measuring the instantaneous characteristics in high 
pressure fuel injection and swirl spray, showing the transient characteristics of the fuel 
injection system can be well evaluated by such technique. 
Other researchers have tried to combine the laser induced fluorescence (LIF) 
technique with PDA to conduct two phase measurement inside a spray [83]. LIF is a 
technique achieving correct phase discrimination using fluorescent tracer particles for the 
gas phase. A combination of these two techniques provides thorough and detailed 
characterization of two phase flow such as velocity and size of the dispersed phase and 
the velocity of the continuous phase. Gregor et al.[83] combined fluorescence laser 
Doppler velocimetry and PDA measurements inside the spray of pinhole injector used in 
four valve SI-engines with port injection and showed the capability of such techniques in 
providing a time resolved characterization of the droplet motion and the induced air flow. 
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Meanwhile, some researchers have tried to find alternatives of droplet size using 
direct imaging techniques such as Particle/droplet image analysis (PDIA) and Planar 
droplet sizing (PDS).  
PDIA is an image processing technique which uses an automated processing 
algorithm for analyzing digital images of two-phase flow. It involves a calibration 
procedure devised to provide information on the droplet image as a function of diameter 
and droplet defocus distance [84]. Yule et al. [85] proposed originally the innovative 
approach that the degree of image defocus could be achieved by determining the 
thickness of the blurred ‘halo’ at the edge of the droplet. Several algorithms have been 
developed later for the automated determination of the droplets velocity, size shape and 
particle concentration over a finite volume in the flow defined by a region near the lens 
focal plane. The results of Herbst showed reasonable agreement when compared with 
average size measurements obtained via laser diffraction and methods [86].  The 
accuracy of PDIA technique was later verified by Wigley et al. [87], and the results were 
comparable with PDA for droplets of order 100μm. Also, Kashdan et al. [88,89] 
evaluated the sensitivity of the PDIA technique to optical parameters such as laser 
wavelength, laser pulse width and camera aperture.  
Another alternative is Planar Droplet Sizing (PDS) technique, a recently 
developed method for spray characterization, which was suggested by Yeh [90] and 
further developed by Sankar and LeGal.[91,92] The droplet sizing information can 
obtained through the combination of the fluorescence intensity emitted by a dye added in 
liquid droplets and the scattered light intensity from droplets during the illumination of a 
spray with a laser sheet. The principle of the PDS technique relies on the assumption that 
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the fluorescence intensity if, emitted by the fluorescent dye, is proportional to the volume 
of the droplet and that the scattered light intensity is, is proportional to its surface area. 
The Sauter Mean Diameter distribution can be estimated by the ratio of the two intensity 
distributions on an illuminated plane of a spray, based on  
( , )
( , )
( , )
f
s
i x y
K SMD x y
i x y
= ⋅                                                     (1.8) 
where x and y indicate the spatial position on a laser sheet and K is the calibration 
constant, which is usually obtained from calibration experiments and is currently 
accepted to be independent of droplet diameter. The Planar Droplet Sizing technique was 
evaluated theoretically and experimentally by calculating and measuring droplet internal 
fluorescence intensity distribution and fluorescence and scattered light intensities in the 
far field for different droplet diameters by Domann [93-95]. His studies quantified the 
effects of dye concentration in the liquid, optical parameters and liquid refractive index 
and provided guidelines for the selection of the above parameters for improved sizing 
measurements with the PDS technique.  
Compared with point measuring techniques like PDA, the PDS technique has the 
ability to provide simultaneous spatial distribution of droplet sizing and liquid volume 
and, therefore, can quantify droplet concentration and droplet size fluctuations. An 
additional advantage of planar techniques is the increase of efficiency of such 
measurements.  
1.7  Summary  
With currently growing demands on spray performance, the need for improved 
understanding of atomization and spray/flow interaction becomes more important. The 
atomization process involves several major physical phenomena, namely, droplet breakup, 
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flashing boiling and impingement. Each phenomenon may play a dominant role in 
producing fine droplets from bulk liquid ligaments due to different working conditions. 
 The refrigeration atomization inside a thermostatic expansion valve is rarely 
fundamentally studied due to limited optical access to the flow path and orifice inside the 
valve, and therefore most of previous studies addressed importance on the flow rate 
modeling based on inlet and outlet parameters, while the atomization process itself is still 
mysterious. Meanwhile, the spray and atomization has been intensively studied in other 
fields, such as the injection system of the internal combustion engine, using laser 
diagnostics. Techniques such as PDA and LDA have been applied for more than decades 
aiming to investigate the fundamental physical process of the fuel spray and atomization 
so as to improve the fuel injection system.  
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Chapter 2 
Experiment apparatus and Procedure 
 
In this study, most of the apparatus are centered around a chamber inside which 
the TEV is mounted. In some experiments, a PDA system is used to record droplet sizes 
and velocities, in other experiments backlit illumination is applied to visualize the spray 
process taking place at the orifice exit of the TEV. In this section, the refrigeration loop 
will be introduced first; the laser diagnostic facility will be discussed later. It should be 
pointed out that the author started this project without barely any existing related 
experiment setup. Most of the components were bought by the author and installations 
were started from the very beginning. Thus the details of the installation of most 
components can be found in the corresponding manual regarding procedures, parameters, 
and safety issues, some specific components will be described in the text, though.  
2.1       Refrigeration loop 
A schematic of the experiment components and the preliminary refrigeration loop 
calculation are shown in Fig 2.1 and Fig 2.2 respectively. Note that this is not a typical 
refrigeration cycle used in air conditioning system, in which the refrigerant is evaporated, 
compressed condensed and throttled. In this study, however, the refrigerant is pressurized, 
heated, throttled and condensed. The reason for this modification, in brief, is to avoid 
using compressor and the oil separator. The TEV investigated in this study is mounted in 
an optical chamber which had an inner space way larger than a real TEV expansion room. 
Since we only focus to the region near the orifice exit where the spray process takes place 
and also refer this region of interest (ROI) as the downstream of the valve, less care was 
taken to the actual outlet of the chamber. By comparison, if a real refrigeration loop is 
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applied, more precise control need to be applied to the outlet of the chamber to ensure the 
evaporator can boil off all the refrigerant otherwise the compressor may subject to 
damage if liquid phase fluid is entrained. Meanwhile, the oil separator becomes a 
necessity if the compressor is involved, which could bring a lot of complexity to the 
system control since the “oil return” itself is dealt as a major problem in the air 
conditioning and refrigeration system and a number of papers can be found on this topic 
[96,97]. Taking these factors into consideration, a reversed cycle is introduced and the 
compressor is replaced with a pump. Similar experiment configuration can also be found 
in the studies of Park et al. [14]. The premise of this modification is that the throttling 
process should still be able to represent a real throttling process in a TEV, which means 
point 3 and point 4 in Fig 2.2 should be well controlled to simulate the upstream and 
downstream conditions. The control of these two points, however, is not challenging and 
the control strategy will be described later. As long as point 3 and point 4 are the same 
points as the starting and ending point of a real expansion process, point 1 and point 2 are 
of less interest to us and no specific control strategy is required, which indeed, save us 
some trouble as aforementioned if a compressor is applied.  
Back to the refrigeration loop, the gear pump is firstly used to provide the 
pressure head to R134a. At the beginning stage of the study, the author had tried to use a 
variable frequency drive (VFD) to control the speed of the motor so as to control the 
pressure head of the refrigerant. However, the implementation of the VFD leads to a huge 
electromagnetic interference (EMI) on the DAQ system. The signals acquired by the 
Labview card become hysterical once the VFD is on, which made impossible accurate 
measurement of the parameters. The power transmission line is believed to be a major 
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cause of the EMI since the motor power input is three phase, 220v while, the only 
electrical socket of this type in the lab is for PDA use. Thus the VFD is specifically 
chosen as an 110v 1-phase input, 220v 3-phase output motor drive, which obviously 
involves power transmission. Some simple solution to this problem include wrapping all 
the signal lines with EMI shielding aluminum foil adhesive tape, and displacing the VFD 
far away from the Labview DAQ card, yet these attempts had failed to fully eliminate the 
EMI. Compared with signals without VFD, the periodic signal hysterisis is still observed. 
Another way to get rid of EMI is in terms of the software. Labview provides various 
filters regarding signal processing [98], which could also be very involved. Therefore, an 
alternative method is applied by simply introducing a recycle bypass. Two valves are 
installed on the main line and bypass line respectively to control the pressure of the fluid 
at the inlet of test section. The pressure fluctuation by this method is within ±2%. 
Consider the nature of the hydraulic pump, this precision is acceptable. A major 
disadvantage of this method is that the motor and the pump will be running with full load 
all the time and the seal in the pump can be easily torn. Yet this disadvantage will not 
cause much trouble as long as the shaft alignment is well taken care when installing the 
motor and the pump.  
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 Figure 2.1 Refrigerant Loop 
 
Figure 2.2 Preliminary Loop Calculation 
 
The desired temperature of the fluid is controlled by the heater coupled with a 
variac. The variac is an electrical power conversion device used to provide the desired 
voltage to the heater. The heater is actually a section where the copper tube was wrapped 
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with heat tapes and clothed in cotton tube, which served as a thermal insulator. Notice 
that the subcool degree of the refrigerant, defined as the degree below the saturation 
temperature, is settled at the inlet of the TEV once the pressure and the temperature are 
stabilized. The simulated TEV is mounted inside a chamber which will be described later. 
The chamber is also referred as the test section of the study. After the test section, two-
phase R134a is condensed in a plate heat exchanger by cooling water. A specific R134a 
receiver is mounted before the pump to avoid cavitations inside the gear pump. The 
models of the components are listed in Table 2.1. 
Table 2.1 Components 
 Manufacture Model 
Motor Marathon BVC  56T34D5339B 
Pump Haldex Hydraulics 060408 
Needle valve PNEU-TROL N25B 
Heat tape HTS/Amptek AWH-051-080D 
Condenser Flatplate 131002572 
Accumulator Parker 08583500 
 
An Omega K-type thermocouple is installed on the pipe section right before the 
pipe going into the chamber for the measurement of the upstream temperature. Another 
thermocouple with the same model is implemented to the chamber for the measurement 
of the downstream temperature. Care should be taken that the temperature probes is close 
enough to the ROI. Similarly, two pressure transducers were installed for the 
measurement of the upstream and downstream pressures; the range of the transducer 
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should be checked to ensure the operation pressure does not exceed the range offered by 
the manufacture. Here, the upstream transducer is a Setra 205-2 with a range of 0~3000 
psi while a Setra 280E with a range of 0~500 psi is for downstream measurement, which 
is sufficient for this study according to the preliminary calculation in Fig. 2.2. A Micro 
Motion D12 flow meter is used with respect of the flow rate measurement. A harbor 
communicator should be used for the calibration of the flow meter before the conducting 
the experiment.  
The details of the measurement devices are listed in Table 2.2. All the 
measurement devices are connected to a NI PCI 6034E, which is a 200kS/s, 16-Bit, 16-
Analog input multifunction DAQ card, incorporated in PC. Labview is used to monitor 
and record all the real time parameters during the experiment. Labview codes are listed in 
Appendix B. 
Table 2.2 Measuring devices.  
 Model  Accuracy 
Thermocouple Omega ± 0.15 C0
Setra 280E ± 0.11% Full Scale Pressure Transducer 
Setra 205-2 ± 0.11% Full Scale 
Flow meter Micro Motion DH012S100SU ±2% of reading 
 
2.2  Test section.  
A PVC pipe was initially chosen to build the optical chamber considering its low 
cost, (See Figure2.3) however, the preliminary backlit illumination images showed that 
the material is short of optical requirement. Other materials such as polycarbonate has 
 36
also been tried, yet the images acquired were still not clear enough for analysis, shown in 
Fig 2.3. Cautious should also be given to the yield stress when using plastic material, 
since some of which cannot hold the indicated pressure with R134a, some are not 
specifically mentioned in the manual, even. For the instance, the author found the acrylic 
can not hold R134a very well even the chamber pressure is far below the yield stress, 
which could be mainly due to the erosion effect. Choosing improper material to build the 
chamber could be dangerous, to small, leakage could be caused by the crack on the pipe, 
to large, explosion could be happen since the chamber is no longer able to hold the 
pressure.  
 
Figure 2.3 PVC Chamber 
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 Figure 2.4 Images taken through different materials 
 
To overcome the problems aforementioned, another optical chamber in the lab 
which is previously used for fuel injection tests was introduced.  The chamber is 330.2 
mm in height, with an inner diameter of 189 mm and a wall thickness of 33.3 mm. It is 
comprised of 49mm thick steel plates on the top and bottom that compress two individual 
chamber sections together. The steel endplates are held in place by four steel rods that are 
threaded at the ends for nuts to supply the necessary compression. Several holes have 
been drilled on both plates for different inlet/outlet use. The interfaces both between 
chamber sections and between the chamber and the endplates are sealed by o-rings. Each 
section can rotate independently of the other. The chamber itself is able to hold a pressure 
of more than 2000 psi, the maximum operating pressure, however, is largely dependent 
on the thickness of the glass window.  
The main section of the chamber has four holes for window installation as 
arranged in Fig 2.5. Three of the windows are for 101.6mm (4inch) diameter windows, 
and one is for a 63.5 mm (2.5inch) diameter window. Two large windows are at right 
angle to each other, and a small window is located directly across the two large windows. 
A third large window hole is located such that the line from the center of the window 
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hole to the center of the chamber is at a 300 angle from the center line between the large 
window and small window. This arrangement allows the chamber to be used for 300 
forward scatter PDA works.  
 
Fig 2.5 Windows Arrangement 
The windows previously used for the injection test are fused silica windows 
101.6mm (4 inch) in diameter and 12.7 mm (0.5 inch) thick. One of window, however, is 
broken due to the vacuum pressure in the tests, and it is replaced with a BK7 borosilicate 
glass window for the sake of economy since no ultraviolet or infrared performance is 
required in this study. In terms of chemical properties, these two window glass do not 
react with R134a, which is favorable for the experiment.   
The windows are blocked by flanges from the outside, as previously designed for 
the injection experiments, in which the chamber pressure is always larger than the 
atmospheric pressure. In this study, however, the system has to be vacuumed before the 
refrigerant is filled, thus requiring the windows be blocked from the inside as well. 
Window screen clips commonly available in hardware store are used to fix the window 
from inside. They are mounted along the rim of the hole. It should be mentioned that 
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even though these clips are installed, cautious must be taken when installing the window 
to ensure they are “fixed” because the window will be subjected to alternating pressure 
loads from both sides with charging and vacuuming conducted during each experiment. 
A slight out of position could lead to glass broken. Detailed installation procedure will be 
introduced in Sec 2.4.  
 
Figure 2.6 Valve Geometry 
Table 2.3.  Nozzle Characteristics 
Orifice diameter do (mm) 4.57 
Nozzle angleα   85 
Nozzle length L (mm) 5.13 
Poppet diameter Dp (mm) 14.32 
 
The geometry of the needle (also called poppet) and orifice inside a stock TEV, 
shown in Fig 2.8, was directly duplicated and built into different pieces so that they can 
be mounted inside the optical chamber (Fig 2.7). Geometric parameters included in the 
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present TEV study were orifice diameter do, needle diameter di, nozzle angleα , nozzle 
length L, and poppet diameter Dp. (Table 2.3). The orifice diameter do is fixed, while the 
needle diameter is changeable with needle lifted up/down, and the flow area can be 
represented as a function of di. To be consistent with the other researches on TEV/EEV, 
an equivalent orifice diameter De is introduced as De = do-di. The reason that the poppet 
diameter Dp is of interest is that the influence of the spray wall interaction is tested, thus 
it is crucial to determine the region where the impingement takes place. It can be seen 
that the simulated valve is consisted of two parts: for the upper part, the orifice is built 
into an adapter with 12.7 mm (0.5 inch) thick and a diameter of 50.8 mm (2 inch). A 
standoff, which can be installed on the upper plate of the chamber, is then machined to 
hold the adapter. The incoming pipe will then penetrate the endplate and going to the 
adapter to feed the refrigerant for the test. For the lower part, the needle is machined to be 
incorporated with a brass circular piece, which is referred as “needle piece”. The needle 
piece is installed on a slide jack in the lab by which the position can be modified so as to 
align with the orifice. Meanwhile, the slide jack is installed on a pushrod, the other end of 
which is connected with a meter head. By screwing the meter head, the pushrod will be 
pushed up or down so that the closing/opening of the valve is achieved.  
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 Figure 2.7 Adapter and Poppet Piece 
 
Figure 2.8 Chamber Configuration 
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2.3  Laser diagnostic facility 
 Laser diagnostic technology has been developed and widely used as 
aforementioned in the review section. Two differently method, PDA and backlit 
illumination method are mainly used for both qualitative and quantitative study of the 
spray. The components involved will be introduced in the following section.  
2.3.1  PDA system 
The PDA system used in these experiments is a 2-D Dantec Fiber PDA system 
with a BSA P60 processor coupled with a 58N70 detector unit. A 5W Sprectra-Physics 
2550 argon-ion laser supplies the beam. The system has its own control and data 
acquisition software running on an IBM-compatible PC. The outboard processing units 
are connected to the computer via an Ethernet connection. 
Fiber optics connects the transmitter to the beam splitter unit as well as the 
receiver to the 58N70 detector unit. The transmitting lens focal length is 310mm and the 
receiving lens focal length is 400.6mm for all tests. The receiver and transmitter are 
mounted on a mechanical transverse system, which can be controlled in x,y and z 
direction with a precision of 0.2 mm.  
The argon-ion laser can provide two single line wavelengths. The green (514.5 
nm) beams were used for particle sizing as well as velocity (the vertical component of 
velocity).  The blue (488nm) beams measured velocity only and typically the horizontal 
component of velocity. The system is capable of measuring droplet sizes from 1-198 μm 
in the described configuration, with a 120 m/s velocity range on each channel. A 
summarize of the PDA system is listed in Table2.3 and more specific information on the 
PDA setup is given in the procedure section. 
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 Figure 2.9 PDA Setup 
Table 2.4 PDA parameters 
Transmitting optics 
Gaussian beam diameter 2.2 mm 
Beam intersection angle 4.5 deg 
Fringe spacing 6.6 μm 
Number of fringes 14 
Frequency shift 40MHz 
Focal length of the lens 310mm 
Receiving optics 
Scattering angle 146 deg 
Focal length of the lens 400.6 mm 
Maximum diameter 380 μm 
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2.3.2  Backlit illumination setup 
CCD high-speed camera is used for backlit work. The high-speed video camera 
was a Vision Research Systems Phantom v7.0 running off an IBM-compatible PC with 
proprietary software. The camera has resolutions of up to 800x600 and framing rates in 
excess of 100,000 FPS at lower resolution. The camera can supply its own timing signals 
or be externally controlled. It was run at 256x256 resolutions for the images presented, 
and it operated at framing rates of 15,000 (Frame per second) FPS for this study. A 
50mm Nikon lens was used for all image acquisition. Lighting as was supplied by a 
copper-vapor laser. The camera is capable of exposure times as short as 2μs in bright 
light, with the laser flash used to expose the CCD, while a exposure time of 3μs is used 
instead.  
The copper-vapor laser is an Oxford Laser Model LS 20-50 25W laser. It has a 
free-running frequency of 10 kHz, but it was run at other speeds for some of the backlit 
videos. At frequencies below 18 kHz the laser can be supplied with a pulse train of the 
required frequency and it will run at that frequency. Over approximately 18 kHz, 
however, a series of signals must accompany the pulse train to switch the laser over to 
external control and prevent damage to the electronics. An external frequency of 15 kHz 
supplied by the high speed camera is mostly used in this experiment, since the camera is 
operated at framing rates of 15,000 FPS. A digital delay & pulse generator is used to 
synchronize the camera exposure time with the laser flash.  
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 Figure 2.10 Backlit Illumination Setup 
The laser emits green light at 510.6 nm and yellow light at 578.6 nm 
simultaneously. The laser runs at full power, so the intensity of the light is controlled by 
opening or closing an aperture positioned at the entrance to the delivery optics. The light 
is delivered by a fiber optic cable and arrives as divergent beam with a come angle of 
roughly 100-150. The light was shone on a glass diffuser which is made of frosted glass 
that forms the homogeneous background for the backlit videos.  
2.4       Experimental Procedure 
The experiment procedure regarding system run-up and PDA measurement are 
introduced in this section. The backlit illumination procedure is referred to Josh Powell’s 
PhD thesis.  
2.4.1  Optical chamber run-up procedure 
As mentioned previously, only two sections of four are used to build up the 
optical chamber for this experiment, nipples and washers are used to make up with the 
height so that the thread at the end of the steel rod suits the nuts to fix the upper plate and 
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hold the chamber pressure (See Fig 2.9). Once the upper plate is fixed, the position of the 
orifice is also fixed. The windows have not been installed at this stage so that any 
operation inside the chamber can still be done by hands. Recall that there is a slide jack 
for mounting the “needle piece” which is installed on a push rod. Adjust the slide jack so 
that the tip of the needle is aligned with the centered of the orifice. This is done by 
viewing the relative position through three different windows; the alignment should be 
good as long as the needle tip is at the center of the orifice from all view. Also, the push 
rod should be pushed up and down for a couple of times to ensure the smooth 
perpendicular movement of it before the chamber is sealed, the reason is that the push rod 
penetrating the bottom plate is sealed by silicon grease, and the pushrod can be “sticky” if 
not been used for a while.  
At this point, the windows are ready to be installed. The small window should be 
installed first because the thermocouple is implemented. The thermocouple probe should 
be positioned near the orifice (but not too close to ruin the backlit image) for the 
measurement of the downstream temperature. The two large windows with window 
glasses are then installed. Remember that the window clips have been fixed along the rim 
of the window holes to hold the window from inside. The window should be in contact 
with all the clips after installation. This is achieved by rotating the window slightly when 
pushing it into the window hole. The window should always be free to rotate indicating 
good positioning. In author’s experience, if the window is found hard to be pushed into 
the window hole, it is better to have the window glass grounded a bit (which can be done 
in glass shop), rather than pushing it anyway. The latter execution resulted in one of the 
broken window in the lab. The window glass and the flange for holding the window are 
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all sealed by o-rings. Considering the pressure requirement is not high in this study, even 
grinding the window glass a bit will not cause any leakage problem, which is proved 
during the experiment.  
Leakage test should be conducted before starting the experiment by both using 
leakage detection liquid and monitoring the pressure changes on Labview. System should 
be vacuumed before charging the refrigerant by using a vacuum pump. The refrigerant is 
then charged into the system through a Schrader valve on the receiver. Then turn on the 
pump and heater, adjust the variac and valves for reaching the desired inlet pressure and 
temperature, wait a few minutes until these parameters are stabilized before either taking 
images or conducting PDA measurement. The refrigerant should be charged back to the 
tank after experiments for the sake of safety.  
2.4.2   PDA procedure 
Although there is certain manual in the lab regarding the operation procedure of 
the PDA, some details are just ambiguous or inapplicable to system in this lab. 
Meanwhile, Dantec Company charged $4000 dollars for an online course teaching how to 
use this system. Thus, the author will introduce the detail procedure of operation on this 
PDA system, as a manual for the later users. The material is mostly based on the 
experience of the author and the notes left by Josh Powell, the previous PhD in this lab. 
The manual starts from turning on the BSA, which means the argon-laser, BSA unit, 
58N70 detector unit, transmitter and receiver optics are all already hooked up. The laser 
should have been supplied with cooling water with the required flow rate which can be 
checked by the remote controller. The reason to mention the cooling water is that the 
filter on the inlet pipe can sometimes be jammed, especially in summer, by calcium 
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deposits. A bypass and a valve have been installed on the inlet cooling water pipe for 
checking. It is strongly recommended that the cooling water be checked before starting 
the experiment to ensure that the filter will not be blocked. Visualization with bare eyes is 
enough to tell if the water is clean or not.    
Now, with the laser, BSA, and PDA computer all powered off, first turn on the 
BSA. The power light should come on immediately. The BSA is booting Window NT, 
and the process can be watched by hooking a monitor up to the VGA port in the back of 
the BSA. 
After a few minutes, the “Ready” and “Online” lights should flash and then after a 
few seconds, then the alignment shutter click can be heard and then the ready light will 
come on and stay on. The “Online” light should still be off at this stage. Sometimes these 
lights do not flash, nor come on, like the system is “dead”, then simply shut down the 
power for a while and restart. It rarely, but do happened a few times that the BSA need to 
be restarted before the “Ready” light can come on. Once the “Ready” light is on, the 
computer can be started. For some reason the BSA should always be turned on before the 
computer is booted up, otherwise the “Ready” light will never be on.  
Now open up the BSA software, and start BSA/FP application (other application 
do not work on this system). The system will pop up a window asking for connection 
with the main unit and click yes. If the system is able to connect, the “Online” light on 
the BSA should be lit. Otherwise check both “networks and internet application” in the 
control panel and the connection property in BSA software, the setup is listed in 
Appendix C. That IP address should guarantee the connection to work. The last thing to 
check in terms of the software before the laser is on is that LDA1, LDA2, LDA3, LDA4 
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high voltage settings are set to zero. This ensures that the PMT in the receiver will not be 
fried.   
The next step is laser alignment. Since the system is running on 300 forward 
scattering mode, the transmitter and receiver are mounted on two different rails of the 
transverse system. A humidifier is used first to align the laser. Once the laser is aligned, 
the probing volume can be positioned to the desired point by simply moving the rail of 
the transverse system without breaking the alignment.  
The power knob should be set to minimum before turning on the laser. Once the 
laser is warmed up and active, turn the power knob up until beams are visible penetrating 
the water spray from the humidifier. At this point, close the shutters for the blue beams 
and only leave the green beams on for the alignment. Then turn down the power until the 
green beams are just barely visible. Remove the little threaded plug on the side of the 
PDA receiver so you can look at the slit through the small lens on the side of the receiver. 
There are small adjustment screws to change the angle of the receiver so that the beam 
crossing (a really flat green X) is centered on the slit. The cross should also be in focus 
by moving the PDA receiver back and forth along its own axis.  
To make the crossing point centered and in focus at the same time is the most 
difficult job and requires most patience regarding the alignment since they are done 
interactive fashion, which means messing with one thing screws up the other.   
Once the transmitter and receiver are aligned, the probe volume must be 
positioned relative to the orifice and the poppet. Recall that the tip of the poppet is fairly 
small and can be regarded as a point, thus it is chosen as the reference point for the laser 
probing volume. Two green blobs can be initially seen on the poppet, indicating the 
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crossing probe is not on the poppet tip yet. Then move the transverse system along its 
axis until the two blobs overlaps each other and this one blob is exactly at the tip of the 
poppet. At this stage the laser is both aligned and positioned at the desired point; the PDA 
system is ready to take data.   
It should be mentioned that the PDA system will automatically reject samples 
based on sphericity. Two criteria, the validation and spherical validation, which can be 
monitored on screen, are crucial to the data quality. The first criterion refers to those 
particles out of the imposed measuring range while the latter refers to the non-spherical 
particle. Although not too much can be modified with the spherical validation in terms of 
software setup, the setup does influence the validation. Three PDA parameters, diameter 
range, velocity range and photo-multiplier high voltage had to be decided before taking 
the PDA data, which requires some preliminary test. The range chosen for this study is 
droplet range 0 µm-200 µm, velocities 0 m/s – 10 m/s, and 1200 volts for LDA 1 and 
1400 volts for LDA2 and PDA1. Under such configurations, the validation rate is 
fluctuating around 90%. As for improvement of spherical validation, the only method is 
to move the probing volume downstream as aforementioned. The impact of the validation 
value on results will be further discussed in the Chapter 3.  
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Chapter 3 
Results and Discussion 
 
In this study, R134a is chosen as the working fluid. R134a is Tetrafluoroethane, 
with thermodynamic properties similar to R-12 (dichlorodifluoromethane), but without its 
ozone depletion potential. It has the formula CH2FCF3, and a boiling point of -26.3oC. To 
verify the simulation of the expansion process, a typical refrigeration loop is first 
calculated by EES. Following assumptions are made to simplify the problem. P1 to P2 is 
compression process with 60% efficiency. P2 to P3 is constant pressure condensation 
process; P3 goes further into the liquid phase and (T3-T4) is the subcool degree. P4 to P5 
is considered as an isentropic process with pressure drop from P4 to P5. P5 to P1 is 
constant pressure evaporation process in which the refrigerant boils off and ready to 
recycle again.  
Though this is a simple refrigerant loop analysis, it provides the reference value of 
the parameters at different point. By calculation, we found the P4 is 119.1 psi and P5 is 
63.3 psi, which is typical in a real refrigeration system.  
 
Figure 3.1 Ideal loop analysis of a typical R134a recycle 
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Based on the reference value, we keep the ambient pressure at 60 psi and increase 
the feeding pressure from 110 psi to 140 psi with an increment of 10 psi. The heater will 
keep the fluid at a subcool degree at 10C. The characteristic diameter of the orifice, 
expressed as D= do-di (See Fig2.6) is kept as 0.6mm, indicating a fixed flow area. From 
the Bernoulli equation, the mass flow rate is simply a function of △P if area is constant, 
and can be expressed as 2 ( )d th l in outm C A P Pρ= −  where Cd is the discharge coefficient 
and can be calibrated in the experiment.  
3.1 Backlit Image processing procedure 
Although the visualization analysis is mostly used for the sake of qualitative study, 
it is a valuable tool in light of offering insights into the characteristics of the spray. 
Recently, many investigators have tried various methods to acquire quantitative 
information from the image. For instance, L.Andreassi et al [99] measured the fuel 
impingement on a flat plate and obtained a relationship between the light intensity and 
the particle concentration under the hypotheses that the fuel spray is fully atomized into 
droplets in the splash region and that the light intensity scattered by the droplets is 
proportional to their particle concentration. C.Bower et al [100] have applied “Change 
point analysis” algorithm to the interface detection of a two phase refrigeration flow 
inside a tube. Other studies including the implementation of PDIA method have been 
reviewed in Chapter 1. The images acquired in spray study usually need to be post-
processed for the extraction of the parameters of interest. This is mostly due to the 
background noise related to light scattering of residual floating droplets or the 
overexposure in high density zone. The easiest way to overcome the background noise is 
background subtraction, in which each spray image is subtracted with the background 
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image to eliminate the noise. Even though, it can be a challenging work to interpret the 
quantitative information of the images in terms of spray structure, droplet concentration, 
film thickness, etc.  
The spray suppression is commonly involved in image analysis where the edge of 
the spray is detected and the structure of the spray can be further discussed. The edge 
detection can be easy or difficult depending on the pixel density difference between the 
spray edge and the background.  Such detection can be achieved easily by the eye of an 
experimentalist in certain cases when a sharp pixel intensity jump is consistently 
observed at the spray edge/background interface, the edge detection for spray with 
extremely fine droplets or particle clusters, however, can be very difficult since the 
interface is ambiguous and the pixel intensity fluctuation is often observed along the edge 
of the spray. It should be pointed out that unlike many studies on fuel injection or pure 
water spray, where spray and background are completely two substances (fuel/air or 
water/air), the liquid R134a is injected into a two-phase R134a background in this study, 
which makes the spray edge very ambiguous (See the raw image in Fig3.9.) and edge 
detection more challenging.  
In the investigation of the literature, the spray edge detection criteria are found 
rarely specified. The pixel intensity jump at the interface in many studies has been 
sufficient to identify the spray edge by visualization. On the other hand, many image 
processing software packages such as ImagePro are often used, the code behind them is 
often closed source and the implementation of these tools can prove to be complex when 
the application is not specifically considered by the creator. In this study, a simple 
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“intensity contour” method is introduced and used to offer the information of the cone 
angle.  
A preliminary image is taken by the high speed camera operating with 15,000 
FPS and an exposure time of 3μs, which is sufficient to freeze the motion of the spray. In 
case of the camera used in this study, the pixel depth is 8 bit meaning the pixel intensity 
value is ranged from 0 (total absence, black) to 255 (total absence, black), with fractional 
values in between. The pixel intensity at coordinate (x,y) is referred as i (x,y). The raw 
image is firstly subtracted from the background image in purpose of 1) noise subtraction 
2) detection of the edges of the needle and orifice so that the spray can be distinguished 
from the solid parts on which no light is scattered. The image processed to this point is 
referred as a raw image (shown in Fig 3.2) 
 
 
Figure 3.2 Background Image 
To begin with the “intensity contour” analysis, the intensity contour of a typical 
raw image is shown in Fig 3.2. From the image, the spray core has pixel intensities less 
than 50 while the background intensities are more than 200. It can be observed that pixel 
value between the spray core and the background are gradually changed from below 50 to 
more than 200, without any huge pixel value jump in between. This brings the question 
that what pixel value should be regarded as the spray edge, since different spray edge can 
be detected applying different pixel value as the criterion of the interface.   
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 Figure 3.3 Pixel intensity contour 
To determine the spray edge pixel value, we first guess a value, for instance, 40 % 
percent of the full grey scale, or a corresponding pixel value of 100.2 as the edge criterion. 
Based on this criterion, there is one pixel on each row in the ROI that has a value closest 
to this criteria value, as illustrated by the white dots in Fig 3.4. Then the edge of the spray 
cone can be determined using linear fit of the points near the orifice (See Fig 3.5). 
Similarly, with liquid film interface detected, the average film thickness can be computed. 
It is worthwhile to mention that with the oblique impact, the starting point for liquid film 
thickness should be carefully picked up as the crossing point of the spray cone and the 
base. (See Fig 3.6) 
Before we evaluate the criteria, the spray edge detection can be explained more 
clearly with the images processed in the following manner. In Fig 3.7, 10% grey level 
filter means all the pixel values above 10 % of the full pixel intensity scale are clipped 
and the remaining pixels are remapped to the 0-255 range. Higher percentage filter are 
used in exact same manner, with an increment of 10% shown in Fig 3.7. Here, 10% filter, 
or a corresponding pixel value of 25.5, can be also interpreted as the detection criteria 
since pixels above this value become background, and the “processed spray structure” is 
clearly visualized since the spray edge and film interface can be easily identified from the 
background, (pixel value is either 255, background, or non-255, spray)  
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Figure 3.4 Points detected by the criteria pixel in ROI 
 
Figure 3.5 Linear fit of the points 
 
Figure 3.6 Film thickness determination 
For both spray cone angle and film thickness, their values determined by the 
guessed pixel criteria are found to increase with the increase of the pixel criteria, and the 
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increase rate is also related to the guessed pixel criteria. This observation can be 
explained by Fig 3.8 and Fig 3.9. The increase rate for cone angle and film thickness can 
be expressed as: 
 angle
angleK
pixel value
Δ= Δ                                                      (3.1) 
thickness
thicknessK
pixel value
Δ= Δ                                                     (3.2) 
Based on the observation, a Kangle value of 5% is set as the evaluation criteria, 
which means when the slope of the curve smaller than 5%, the cone angle is determined. 
The film thickness is determined in a similar way. The difference is that the value of the 
average film thickness is defined when the Kthickness, or the slope of the curve is bigger 
than 5%.  
The “intensity contour” method can be summarized as following: guess a series of 
pixel intensity values to define the “edge criteria” and calculate the cone angle and film 
thickness based on the guessed criteria. Plot the cone angle and film thickness as a 
function of the pixel intensity and define a reasonable value based on the slope. (a K 
value of 5% is picked up in this study) 
It is apparently that a K value of 5% is an imposed criterion with subjectivity; 
however, this provides a reference for spray cone angle and film thickness determination. 
The importance of these parameters is due to their impact of the drops size produced 
from the spray, which will be discussed later. 
 P = 50 psi△  P = 60 psi△  
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Figure 3.7  (cont. on next page) 
 P = 70 psi△  P = 80 psi△  
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Figure 3.7  Comparison of images filtered with different grey level with different 
feeding pressure 
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 Figure 3.8 Measured cone value base on the guessed criteria pixel value  
 
Figure 3.9 Measured average film thickness on the guessed criteria pixel value  
3.2  Spray structure 
It is not necessary to plot the filtered image as show in Fig 3.7 in the 
determination of the cone angle and film thickness, and by filtering the image, it is 
obvious that the information contained in pixels above the criteria pixel intensity is lost, 
however, the processed image do offer insight into the spray structure and allows spray 
comparison between different cases since all the images are processed in the same 
manner. 
Fig 3.7. shows the spray structure at steady state with a characteristic diameter D 
of 0.6 mm with different pressure difference and by applying different pixel value as the 
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edge criteria. It can be noticed that even though the spray in the raw image looks quite 
symmetric, the asymmetric structure is observed in all cases with lower pixel value set as 
edge criteria. The most possible reason for this is that the needle and the orifice are not 
perfectly aligned. As described in the Sec 2.2 the orifice and the needle are two parts 
installed separately; the movement of the needle is achieved by controlling a slide jack 
and the alignment is done by the eyes of the experimentalist. There is no denying that 
subjectivity is introduced, yet no matter how cautious the author have attempted to make 
a perfect alignment, the image doesn’t appear to be symmetrical in a “perfect” sense.  
The point of this observation is that unlike the fuel injection systems or other 
spray applications where the spray symmetry is strictly required; such emphasis is rarely 
mentioned in the application of the expansion valve in air conditioning system. Similar to 
the research done by L Andreassi [99], if we apply the hypothesis that the pixel 
brightness is proportional to the local particle concentration, then the local quality of the 
refrigerant near the orifice can be simply represented by the pixel value in our images. It 
is obviously seen that even a minor misalignment between the needle and the orifice can 
cause poor quality distribution at the orifice exit, let alone the valve exit. On the other 
hand, such a “misalignment” can be an advantage if it can be used to control the local 
quality of the refrigerant (e.g. more spray is desired on one side than the other side). A 
comprehensive understanding of this problem require experiments on valves with 
different orifice/needle configuration, or different “misalignment degree” and is out of 
the scope of this thesis, thus, we make a assumption here in our experiment that the 
needle and orifice are all aligned and asymmetry in the images is ignored.    
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3.2.1  Spray cone angle 
 The spray cone angle under different feeding conditions determined from the 
intensity contour method outlined above is shown in Fig 3.10.  It is observed that the 
spray cone expands with the increase of the pressure difference.  The increase of the cone 
angle resulted in a more oblique impact of the spray on the wall, and more drops are 
splashed from the edge of the needle base. From the raw image in Fig 3.7, it is also found 
that more drops are bouncing back high from the needle base with the increase of the 
pressure and the presence of the small drops inside ROI is more random, indicating more 
violent secondary breakup of the drops and the quality of the flow is more evenly 
distributed. If a real TEV is taken into account, the homogeneity of the two phase flow at 
the exit is mainly determined by the spray coming out of the orifice and a larger spray 
cone causing more secondary breakup is preferable in terms of producing a more 
homogeneous flow.   
  
P = 50 psi△  P = 6△ 0 psi 
  
P = 70 psi△  P = 80 psi△  
Figure 3.10 Spray cone angle with increase of the pressure difference 
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3.2.2 Film thickness 
The change of the measured average film thickness based on the pixel intensity contour 
method under different pressure difference is not apparent as shown in Figure 3.11. Since 
the throat area is fixed during the experiment, the increase of the pressure difference will 
result in an increase of the flow rate, and possibly cause more liquid refrigerant 
accumulated on the needle base. However, the result doesn’t show such a trend. This is 
probably due to the fact that the increase of the pressure difference causes the spray cone 
angle spread and starting point for calculating the average film thickness is further away 
from the center and more drops are splashed for higher pressure difference cases.  
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Figure 3.11 Measured average film thickness under different pressure difference 
3.3 Drop Size Distribution 
3.3.1  Measuring mesh grids. 
The mesh grid for the PDA measurement is shown in Figure 3.12. The first point 
closest to the orifice will be 3mm from the center of the needle. Then the measuring point 
will move from 3mm to 18mm along the radial direction with an increment of 3mm. 
Considering the equivalence diameter D of the orifice is 0.6mm, the radial distance of the 
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measuring point from the center will be 5 D, 10 D, 15 D, 20 D,25 D and 30 D 
correspondingly. In the axial direction, the measuring points are all 1mm from the poppet 
base, which will be about 4.5D from the orifice. It should be pointed out that unlike the 
studies on the fuel injection systems where the measuring points can be taken at spray 
fully developed region (e.g. 100D downstream), limited expansion room (usually in the 
order of ~1cm3) causing impingement from the poppet base features the spray inside a 
TEV or EEV. Therefore, the points chosen for PDA measurement are inevitable close to 
the orifice in relative speaking to represent the real spray inside the expansion valve.  
 
Figure3.12  Measuring points 
The problem raised from choosing points too close to the orifice is the spherical 
validation rate of the PDA measurement, since the PDA will reject the non-spherically 
particles automatically. The spherically validation are monitored and recorded all through 
the experiment. Preliminary results showed that even at the point closest to the orifice, 
the validation rate is about 80%, indicating an acceptable reliability on the data. The 
spherically validation rate increase to 90% or above for the rest measuring points, 
indicating the spray drops become finer and more spherical shaped. Meanwhile, since the 
spray is at steady state, the sampling rate requirement will not be as high as those done in 
 65
injection experiments (e.g usually 1000 Hz or above) since the injection duration is 
extremely short and only with a high sampling rate can people collect enough particle 
samples for analysis. For this study, the sample rate is kept in an order of ~100 Hz; no 
measurements were taken when the sampling rate is below 50 Hz, though. A total amount 
of 5000 particle samples are collected for each case so that analysis can be made on a 
statistical base.      
3.3.2    Drop size radial distribution  
The radial distributions of the drops size with different pressure difference are 
shown in Fig3.13. All the measured samples’ diameter are sorted into a bin of 2μm and 
plotted against its normalized frequency count, or count percentage. It is observed that for 
each individual case, the distribution variation for different points along the radial 
direction is not apparent, most points share similar peak value. The most remarkable 
observation is that at the furthest point where r/D= 30, the curves don’t go all the way 
down to zero for the first three pressure difference cases, indicating particles with large 
drop diameter are detected. The possible explanation is that the drop coalescence takes 
place at the radial downstream. With particle cluster formed from the impingement of the 
fluid and liquid ligaments splashed from the edge of the poppet base, it is highly possible 
that the drops coalesced and merged to form larger drops at downstream. The drops size 
distributions between pressure difference cases are more noticeable. It can be observed 
that the peak value for the curves shift towards left indicating a decrease in the drops 
diameter with increase of feeding pressure if the flow area is kept the same. Higher 
pressure difference induces more intensive aerodynamic drag on the particles and causes 
more violent drops break up. This also indicates that an increase of the mass flow rate a 
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finer spray inside a TEV/EEV since the throat area is fixed, which probably leads to a 
more homogeneous flow at the valve exit.  
To further evaluate the drops size distribution, the impact of the radial distance 
and pressure difference on the drops diameter are shown in Fig 3.14 and Fig 3.15 
respectively. In Fig 3.14, the drops mean diameter D10 and Sauter mean diameter D32, 
expressed as following, are plotted against the radial position.  
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It is found that the drops diameter do not decrease monotonically with the 
increase of the radial distance, rather, it has minimum value which is shown in Fig 3.14. 
For the curve fits, r/D signifies the radial distance from the nozzle and R is the residual. 
The data shows a mean diameter dependency and Sauter mean diameter dependency on 
radial distance to approximately the -0.35 power and -0.25 power respectively. The 
residual for the curve fit is below 0.9 for most cases, mostly due to the last point 
deviation. This finding is consistent with the result of Drop size distribution data shown 
in Fig, since the percentage of large drops is relatively high at the furthest measuring 
point explained by the coalescence, and therefore, increases the mean drop diameter at 
the that point.    
3.3.4 Feeding pressure  
The mean drop diameter decreases with increasing pressure as illustrated in 
Fig3.15. Again, △P signifies the pressure difference and R is residual in the plot. R is 
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much higher for the pressure curve fit indicating a strong dependence of drop size on the 
pressure difference. Since jet velocity increases with the square root of pressure, and 
shear stress between the drop and air increases approximately with velocity squared, 
smaller drops form at higher jet velocities. Similar findings have been reported by a 
number of researchers. For instance, S George et al [101] showed that the mean diameter 
is proportional to delivery pressure to approximately the -0.37 power for cone type 
nozzles. Frasher et al [102] extended the theory of Squire [103] to derive an expression 
for drop size produced by a low viscosity liquid sheet as , where 
P is delivery gauge pressure . G.E Mccreery et al [104] showed their results had an 
approximate agreement with the theory of Fraser et al [102] for spray plate nozzles.  
1/ 6 1/3 1/3( / )L Gd Pρ ρ σ −∝
The dependency of drop diameter on pressure difference for our data is 
considerably larger than the previous studies on spray cone nozzle, to approximately -0.8 
power. The possible explanation is that secondary breakup of the drops caused by the 
impingement has a huge impact on the drop diameter, while in the primary breakup is the 
major concern in the previous studies. To further evaluate the influence of the spray 
impact, all the drops measured at each point are sorted into two categories by the normal 
velocity of each particle: a positive velocity indicating before impact particles while a 
negative velocity indicating after impact. Fig3.16 and Fig3.17 shows the drops mean 
diameter for two different category particles and their number ratio at each point 
respectively. It is observed that the mean diameter of the drops after impact are smaller 
than those before impact at each point, which is quite reasonable since the drops 
bouncing back from the liquid film on the base undergoes secondary breakup. In Fig3.17, 
the ratioλ , which is defined as the number ratio of the impact (λ = Num aft imp/Num 
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before impact), is a parameter of more interest in the determination of the total drop size 
at each point. At r/D= 5, most of the drops coming out of the orifice haven’t reached the 
base and resulted in a relatively smallerλ . The particles before impact, featured by large 
mean diameter outnumber at this point indicating that the aerodynamic breakup (primary 
breakup) dominates. With increase of the radial distance, λ increases sharply for all cases 
suggest the particles after impact outnumbers. The correlation between the pressure 
difference andλ  is not conclusive, though highest pressure difference case has a highest 
peak value. Further increase the radial distance resulted in a decrease ofλ , which is 
resulted from the drops coalescence aforementioned. It can be also explained by the fact 
that even the drops after impact might start to moving downwards at further downstream, 
and the method based on the velocity component to distinguish the before impact drops 
from after impact drops are no longer applicable.    
Drop size radial distribution at △P= 50 psi
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Figure 3.13  (cont. on next page) 
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Drop size radial distribution at △P= 60 psi
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Drop size radial distribution at △P= 70 psi
0
0.01
0.02
0.03
0.04
0.05
0.06
0 10 20 30 40 50 60 70 80 90 100 110
Drop Diameter(μm)
N
or
m
al
iz
ed
 F
re
qu
en
cy
 C
ou
nt
r/D=5
r/D=10
r/D=15
r/D=20
r/D=25
r/D=30
 
c. 
Figure 3.13  (cont. on next page) 
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Drop size radial distribution at △P= 80 psi
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d. 
Figure 3.13  Drop size radial distribution with different pressure difference a) 50 psi, 
b) 60 psi, c) 70 psi, d) 80 psi 
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Figure 3.14  (cont. on next page) 
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d. 
Figure3.14  Measured Drop diameter along the radial distance with different 
pressure difference a) 50 psi, b) 60 psi, c) 70 psi, d) 80 psi 
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Figure3.15  Measured SMD with different pressure difference 
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Figure 3.16 Drop size for both before impact/after impact along the radial 
distance with different pressure difference. 
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Figure 3.17  Number ratio along the radial distance with different pressure 
difference. 
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Chapter 4 
Conclusion and Future Work 
 
4.1       Conclusion 
 The flow inside a TEV/EEV, especially, the spray process through a valve with 
needle orifice geometry was visualized by applying laser involved techniques. High 
speed camera was used to shoot the spray image on a micro second scale, while PDA 
system is used to measure the drop size distribution in the region near the orifice exit. 
The following conclusions can be reached on the acquired experiment results. 
 Limited space between the orifice and needle base causing violent spray wall 
interaction features the refrigerant expansion process inside a TEV/EEV.  The 
interpretation of the spray image recorded by the high speed camera is proved to be 
challenging since the interface between the liquid jet and the background (filled with 
two-phase refrigerant) is hard to be defined. A new image processing method, based on 
the pixel intensity of the image, is proposed for the spray cone angle and film thickness 
determination. Although this method is subjected to certain subjectivity, it provides 
relevent information on the impact of the feeding condition. 
  The increase of the feeding pressure tends to expand the spray cone angle while 
its impact on the film thickness is not quite obvious. The expansion of the cone angle 
resulted in more drops splashed from the edge of the needle base and the presence of the 
drops becomes more random. To further evaluate the impact of the feeding pressure, the 
drops size distribution under different pressure difference along the radial directions is 
measured. The drops size dependency on radial distance and pressure difference are 
acquired based on curve fit of the results.  
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 The drops diameter doesn’t decrease monotonically along the radial direction. 
The last one or two measuring points at downstream are found to increase and cause the 
deviation, which is mainly due to the coalescence. The diameter dependency on pressure 
difference is found to be approximately -0.8 power, instead of –0.33 from the previous 
researches on the spray cone nozzle. This finding is mainly explained by the spray wall 
interaction since the impingement doesn’t exist in previous studies. The diameter of the 
droplets after impact is found to be uniformly smaller than those before impact and 
number ratio between the after impact number and before impact number is found to 
change with the feeding conditions. The trend of the change is not apparent and therefore 
a decisive correlation between the drop size distribution and feeding pressure on such 
cone spray and impingement cannot be reached at this point.  
4.2  Future Work 
In terms of future work, more experiments should be done to evaluate the impact 
of the feeding condition on the drops size distribution. Meanwhile, more focus should be 
addressed on the TEV performance with respect to the entire air conditioning and 
refrigeration system. The atomization process, regarding the breakup and impingement 
phenomena has been intensively studied by experiments. Meanwhile, how these 
phenomena will influence the TEV performance is not deeply discussed, nor verified. 
With the experimental setup, many studies can be done on the TEV. Here the author will 
suggest a few. 
4.2.1  Geometry simulation 
Although the geometry of the orifice and poppet are directly copied from a 
commercial valve, the expansion room is not fully emulated. The region near the orifice 
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exit was a main focus in this study while the section between orifice exit to the valve exit, 
where a 90 degree elbow is usually involved and the most of the turbulence takes place, 
is not included (See Fig 4.1). As an improvement, one can implement a glass tube to 
provide such a 90 degree elbow to simulate the outlet section of the valve as shown in Fig 
4.2. The tube is open at the other side, which maintains the back pressure the same as the 
pressure inside whole chamber. By such configuration, the turbulence and flow patterns 
at the outlet section can be visualized and quantitatively measured.  
The importance of the outlet section is also featured by its connection with the 
evaporator. Even though the homogeneous two phase fluid is produced near the orifice 
region, such benefit can be offset by the outlet section due to certain reasons such as 
liquid film or velocity field, therefore, the downstream fluid of the valve is eventually 
still non-homogenous and making the evaporator circuits poor distributed. If the outlet 
section is studied, improvement can be made for the future valve design.  
 
Figure 4.1. The cut away of a commecial expansion valve. 
 77
 Figure 4.2 Glass tube for the simulation of the outlet section. 
4.2.2  Mass flow rate modeling 
As mentioned in the review section, most of the mass flow models on TEV/EEV 
are either empirical or semi-empirical, based on the upstream and downstream parameters. 
With the current optical setup, one is able to visualize the spray phenomena inside the 
valve, and correlate with the mass flow rate modeling. 
In detail, the push rod controlled by the meter head for opening/closing of the 
valve may be replaced with a device controlled by step motor. Meanwhile, either camera 
or PDA system should be synchronized with the signal of the step motor so that transient 
change of the spray can be captured. Using a quick response flow meter for recording the 
mass flow change at the upstream, and PDA system for mass flux recording at the 
downstream, it is fairly possible to model the mass flow rate in a more fundamental 
manner, regarding breakup, flash boiling and impingement phenomena.  
4.2.3  Other Measurements 
A few laser based technique introduced in the literature review section can be also 
applied for this study such as PDS, PDIA, and PIV. Comparing these results with the 
results acquired by PDA so as to find the most suitable method could be a fairly 
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interesting topic. Meanwhile, applying Schlieren photography to visualize the expansion 
wave of the refrigerant will be another good study since such techniques have only been 
used for some fuels in terms of atomization.  
On the other hand, one can also study the atomization of other promising 
refrigerants such as R407 or R410 requiring higher operating pressure, which should not 
involve much modification with the current setup.  
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